VC-713 is a kind of hydrate kinetics inhibitor, which is widely used because of its strong hydrate inhibition. In this paper, VC-713 was dissolved and dispersed into its solution to various degrees by stirring the solution at the speeds of 600 r·min −1 and 12000 r·min −1 . en, under the condition of normal pressure and temperature change (gradually decreasing from 278.15 K to 273.65 K), the hydrate inhibitory effect of dissolution and dispersion of VC-713 on THF hydrate formation was studied. e variation in the concentration of VC-713 was monitored during the experiments. In addition, the mesoscopic structure characteristics of aqueous solutions were observed, and experimental phenomena in the reactor were recorded along with real time. en, the experimental data were comprehensively analyzed, and the underlying mechanism of inhibition was revealed. Results showed that VC-713 inhibits hydrate nucleation and growth by adsorbing and binding. When the addition amounts are the same, better dissolution and dispersion of VC-713 can inhibit the hydrate formation more effectively. is is due to more complex skeleton structures formed by the hydrated VC-713 molecule. When the amount of VC-713 is 0.5 wt.%, the induction time, the formation rate, and the degree of supercooling of hydrate formation were extended, mitigated, and increased by 10.30%, 21.43%, and 17.80%, respectively, and changed to values of 8.75%, 14.29%, and 22.50%, respectively, for 1.0 wt.% VC-713.
Introduction
As a clean alternative energy with great potential, natural gas hydrate has become a hot spot of academia, government, and various enterprises [1, 2] . However, in industrial production, the formation of hydrates may bring serious harm consequences. For example, when untreated oil and gas reservoirs transported through oil and gas pipelines contain natural gas and water, hydrates can be formed and aggregated at turns, reducers, valves, tee joints, separators, and other locations of the pipelines under appropriate temperature and pressure conditions, which will affect the safe transport of oil and gas [3] [4] [5] . During the construction of deep-sea conventional oil-and-gas drillings, shallow gas and hydrate decomposition gas will invade the drilling fluid and hydrates may be formed and aggregated in the annulus, and they will deteriorate the performance of drilling fluid and the efficiency of overall production [5] [6] [7] [8] . During the exploiting of the sea area hydrates, the produced gas may form hydrates again at positions, such as wellbore gasliquid separator and sand control liner, which will seriously affect the gas production efficiency [5, 9, 10] . When exploiting the sea area hydrates, the produced gas may form hydrates again at positions, such as wellbore gas-liquid separator and sand control liner, which seriously affect the gas production efficiency [5, 9, 10] .
ermodynamic inhibitors are widely used in the modern oil and gas industry to achieve complete suppression of the hydrate formation by changing their phase equilibrium conditions. However, thermodynamic inhibitors have certain disadvantages, such as requirement of large quantities, high cost, and severe pollution. erefore, researchers worldwide have focused on the development of environment-friendly kinetic inhibitors with less addition amount [11] . Most hydrate kinetic inhibitors are water-soluble molecular polymers, among which lactam polymers, amide polymers, and natural green polymers have been extensively studied [12] . Among them, the inhibitory effect of trimer inhibitor Gaffix VC-713 polymer (a terpolymer of vinyl caprolactam/vinylpyrrolidone/ dimethylaminoethyl methacrylate, herein expressed as VC-713) on hydrate formation is superior to dimeric and monomeric inhibitors (under the same experimental conditions, the ability of VC-713 to inhibit the nucleation and growth of CH 4 hydrate is 3.5 times higher than that of PVPK90 [13] ), and VC-713 is a more mature and widely used hydrate kinetic inhibitor [11, 12, 14] . It has been found that the mechanism of VC-713 inhibiting the hydrate formation may be similar to polyvinylpyrrolidone (PVP) [15] [16] [17] . at is, they adsorb the cage structure formed by the uncaged water molecules to prevent the guest molecules from entering the cage structure and thus suppressing the nucleation of hydrates [18, 19] . Furthermore, they adsorb and bind to the surface of the hydrate crystal particles to avoid the contact of guest and water molecules, and thereby inhibiting the growth of hydrates [20] .
According to the abovementioned mechanism, it can be speculated that the dissolution and dispersion of VC-713 in the solution determines the size of its hydrated molecular aggregates and the tensile strength during the migration of aggregates (the resistance needed to overcome when the aggregates are broken and separated) [21, 22] . Consequently, it is likely to have an impact on its ability to inhibit hydrate formation. In order to verify this corollary and clarify the underlying mechanism of VC-713 inhibiting hydrate formation, different amounts of VC-713 (0.5 wt.% and 1.0 wt.%) were dissolved and dispersed in aqueous solutions to different degrees, and then, their hydrate inhibition was evaluated through tetrahydrofuran (THF) hydrate formation experiments (THF hydrate has been widely used for screening natural gas hydrate inhibitors because THF is a liquid entirely miscible with water and forms hydrate with water at 278.15 K and atmospheric pressure [23, 24] ). According to the concentration change of VC-713 in the hydrate formation process and the mesoscopic structure of VC-713 aqueous solution, the impact mechanism is analyzed from macroscopic, mesoscopic, and microscopic scales. e obtained results are of important reference value to the development and industrial applications of hydrate kinetic inhibitors.
Experimental

Materials and Instruments.
e materials used in the experiments included VC-713 obtained from International Special Products (ISP) Co., Ltd., USA; tetrahydrofuran (herein expressed as THF) obtained from Sinopharm Chemical Reagent Co., Ltd., China; and ultrapure water (herein expressed as UPW) with a resistivity of more than 18.25 M Ω cm, which was produced using a type UPW-S Millipore unit.
THF hydrate formation experiments were performed using a custom-made experimental setup (see Figure 1) , which consisted of a temperature sensor with the accuracy of ±0.1 K and data acquisition frequency of once every 3 seconds. ere is a sampling hole of 1.0 cm diameter in the sealing cover of metal reaction kettle. During the experiment, a sampling cylinder with a sieve (the diameter of the mesh was about 100 μm and the mesh was used to avoid the removal of hydrate during sampling) was used for liquid sampling work from the reaction vessel.
e absorbance of the sample was measured using a Shimadzu UV-1800 UV-Visible spectrophotometer (experimental wavelength range: 190-1100 nm), from which the change in concentration of VC-713 in the sample was determined. In order to conduct mesostructure observations, initially the lyophilized samples from solutions were prepared using the Four-Ring LGJ-10D freeze dryer. en, the samples were observed using a Phenom Pro desktop scanning electron microscope (SEM).
Methodology
Experiments on THF Hydrate
Formation. In order to investigate the effect of dissolution and dispersion of VC-713 in solution on its hydrate inhibition, experiments were carried out on the formation of THF hydrates under the conditions of atmospheric pressure and different temperatures (each experiment was repeated thrice to ensure repeatability).
e aqueous solutions of VC-713 with the concentrations of 0.5 wt.% and 1.0 wt.% were prepared under shearing rates of 600 r·min −1 and 12000 r·min −1 , respectively. e mass of the liquid sample to be tested in each experiment was 500 g (about 510 mL). e mass ratio of THF to UPW was 19 : 81 (under ideal conditions, all the solution could form THF hydrates [25] ). e experimental procedure was as follows:
(1) A certain amount of the aqueous solution of was prepared at the stirring speed of 600 r·min −1 and the stirring time of 2.0 h. In order to better dissolve and disperse VC-713 in the system, a certain amount of VC-713 aqueous solution was stirred for 30.0 min at the stirring speed of 12000 r·min −1 using a highspeed stirring device. (2) e aqueous solution of VC-713 was injected into the reactor, and the temperature-control device, the temperature-monitoring system, and the mechanical stirring device were turned on. After the solution temperature reduced to 278.15 K and stabilized at this temperature under a dynamic stirring speed of 300 r·min −1 , THF was injected and the solution temperature was maintained at 278.15 K (THF hydrate cannot be formed under the condition of atmospheric pressure at this temperature [26] ). (3) e solution temperature was gradually reduced to 273.65 K by adjusting the temperature-control device, and the stirring speed of mechanical stirring device was reduced to 150 r·min −1 . Meanwhile, the high-definition camera was turned on to real-time recording of the experimental phenomenon inside the reactor.
Monitoring the Change in Concentration of VC-713.
If the mechanism of VC-713 inhibiting the hydrate growth was the same as that of the PVP (which means further contact of guest and water molecules was prevented by binding the surface of the hydrate crystal particles, thereby inhibiting the growth of hydrate) [16, 17] , the concentration of VC-713 in the solution would inevitably decrease with the increase of formed hydrate [27] . erefore, in this work, from the hydrate being formed in each experiment, the liquid sample in the reactor was collected once every 20.0 min. en, the UV-Visible spectrophotometer was used to monitor the absorbance of VC-713 in the sample, and the changes in concentration of VC-713 in the solution were monitored. e total number of samples for each experiment was 6, and each sample was ∼7.0 mL in volume (it can be used for one test, while the UPW + THF system was also sampled following the same method to ensure that the experiments were under the same condition).
Observing the Mesoscopic Structure.
It does great help in revealing the underlying mechanism of hydrate formation under different dissolution and dispersion conditions and at various concentrations to understand the mesostructural features of VC-713's aqueous solution [21] . erefore, in this paper, the sample of each solution was first prepared by freeze-drying, and then SEM was used to observe the mesoscopic structure. e experimental procedure was as follows:
(1) A small amount of solution was taken using a dropper, dropped onto a mica film, and followed by placing it in liquid nitrogen for 2.0 min (2) e frozen sample was then placed into a freeze-drier and lyophilized for 20.0 h (3) SEM was used to observe the mesostructure after the sample preparation Figure 2 shows the variations of each experiment in temperature (take the curves obtained in one experiment as an example). e experimental data (see Table 1 ), such as the induction time of THF hydrate formation (determined through the generalized method [28] ), and the supercooling condition (kinetic inhibitors do not change the hydrate phase equilibrium condition [15, 29, 30] , whereas the phase equilibrium temperature for the formation of THF hydrate under atmospheric pressure is about 277.15 K [24, 26] ) were obtained from Figure 2 . From Figure 2 and the data in Table 1 , it can be observed that, when the dissolution and dispersion condition of VC-713 in the sample was better and its concentration increased, the induction time of hydrate formation prolonged. Meanwhile, the supercooling degree of hydrate formation increased, and the increasing amplitude of temperature caused by the heat induced by hydrate formation was also diminished.
Results
Evaluation of the Hydrate Inhibition.
Since the time of complete formation of hydrate (based on Figure 2 ) cannot be accurately determined, the relevant experimental parameters need to be obtained through the real-time video data of the reactor. Figure 3 is the recording of the experimental process in the reactor for each experiment. It is well known that the liquid sample tested for each experiment will eventually form THF hydrates, and thus, the amount of hydrate formation can be characterized based upon the mass of THF involved in the reaction. e average rate of hydrate formation can be calculated using the following equation. ). 4 Journal of Chemistry
where v is the average consumption rate of THF, g min
; Δn is the consumption of THF, g; and t is the time elapsed from the beginning to the end of hydrate formation, min.
Since the sampling times and the amounts of liquid samples were the same for all experiments, it can be shown that the THF mass involved in the hydrate formation for each group (of experiments) was ∼53.82 g (calculated based on the solution mass and the volume ratio). In addition, t was obtained from Figure 3 , while the v values (from top to bottom in Table 1 ) for the experiments were calculated as 0.41 g min , respectively. It can be concluded that, when the added amount of VC-713 was 0.5 wt.%, the induction time of the hydrate formation in the solution prepared using high-speed stirring was 10.30% longer than that prepared using lowspeed stirring. Hydrate formation rate decreased by 21.43% and the undercooling of hydrate nucleation increased by 17.80%. When the addition amount of VC-713 was 1.0 wt.%, compared with the solution prepared using lowspeed stirring, the induction time of the hydrate formation prolonged by 8.75%, while the hydrate formation rate reduced by 14.29%. Additionally, the undercooling of hydrate nucleation increased by 22.50% with the increase of the formulated solution stirring rate. Furthermore, the ability of VC-713 in inhibiting the nucleation and growth of hydrate enhanced as the increase of the addition amount of VC-713 under the same stirring rate (there was a large difference between the experimental result and that obtained from Lederhos et al. [15] ).
Change in the Concentration of VC-713.
In this experiment, the concentration of VC-713 in each solution was calculated using the following equation [31] .
where A is the absorbance (measured directly); ε is the absorption coefficient, L mol −1 cm −1 ; c is the concentration of the substance to be tested, mol L −1 ; and l is the solution thickness (measured directly), cm. e initial concentration of VC-713 (c value) for each solution was known, and the values of A and l (A value peaked at l � 227 nm) could be obtained from the base test sample (UPW + VC-713).
en, the specific ε value of VC-713 could be calculated using equation (2) . Based upon the value of ε, the concentrations of VC-713 in the samples at different time intervals were calculated.
e experimental results are shown in Figure 4 .
As can be seen from Figure 4 , the VC-713 concentration in the solution (that was not involved in the hydrate formation) gradually decreased with the formation of THF hydrates in each experiment. However, for the solution prepared using high-speed stirring, the decreasing rate of the concentration of VC-713 was relatively low, and the amplitude of drop was relatively smaller.
Mesoscopic Structural Characteristics of the Solution.
e mesostructures of the freeze-dried samples for the experiments are shown in Figure 5 . Among them, the greyish white parts were hydrated VC-713 molecular aggregates, while the dark parts were porous spaces. It can be found from Figure 4 that, for VC-713 in the formulated solutions at different concentrations and stirring speeds, its hydrated molecules aggregated to form smooth sheet-like and thin rod-shaped skeletons with different sizes and densities. erefore, they constituted the network skeleton structures with different spatial forms. Hydrated VC-713 molecular aggregates mainly existed in the form of smooth flaky skeleton (∼10-40 μm in diameter and ∼0.2-0.5 μm in thickness) in the solution prepared using the low-speed stirring at a concentration of 0.5 wt.%. In addition, a small amount of thin rod-shaped skeleton (∼0.5-1.5 μm in diameter) was also observed, which led to the presence of more porous spaces having larger size (∼10-80 μm in diameter) between the network skeletons.
e network structure of hydrated VC-713 molecular aggregates changed obviously with the increase of the formulated solution stirring rates under the same solution concentration. Meanwhile, hydrated VC-713 molecular aggregates mainly existed in the form of thin rod-like skeleton (∼0.5-1.0 μm in diameter).
e number of sheet-like skeletons greatly reduced, and the size was significantly reduced (∼2-20 μm in diameter and ∼0.2 μm in thickness). e network skeleton structure became more complex and the diameter of the porous space reduced to 2-10 μm, indicating that the stirring and shearing action at high speed promoted better dissolution and dispersion of VC-713 in the system. Hydrated VC-713 molecular aggregates also existed mainly in the form of smooth flaky skeleton (similar to the solution concentration of 0.5 wt.%) in a 1.0 wt.% solution prepared using low-speed stirring. However, the area (∼40-100 μm in diameter) and the thickness (∼0.2-1.0 μm) both increased. Although the amount of thin rod-like skeleton was smaller in diameter (∼1.0-2.0 μm), the porous space became much smaller in diameter (∼5-60 μm). Moreover, there were very thin and porous hydrated molecular aggregates between the flaky skeletons, which played a supporting role and thus created the network skeleton morphology more complex. When the stirring speed of the solution was increased to 12000 r·min
, VC-713, with the amount of 1.0 wt.%, can also be better dissolved and dispersed in the system. In this case, the size of the sheet-like skeleton (∼20-60 μm in diameter and ∼0.2-0.5 μm in thickness) was reduced, and the number of thin rod-like skeletons increased (∼0.5-1.0 μm in diameter). Furthermore, very thin and porous hydrated molecular aggregates were densely distributed among the flaky skeletons, thus making the network skeleton structure more complex and the size of porous space relatively smaller (∼1-5 μm in diameter).
In summary, the high-speed stirring and shearing effect promoted the dissolution and dispersion of VC-713 in the system, reduced the size of hydrated VC-713 molecular aggregates, increased the specific surface area of the aggregates, created a more complex network skeleton structure, and reduced the porous space size among the skeleton ). 6 Journal of Chemistry structures. Increasing the added amount of VC-713 to the system also made the network skeleton structure (composed of hydrated molecules) more complex and the size of the porous space among the network frameworks smaller due to the increase in the size of hydrated VC-713 molecular aggregates. ese changes and differences were most likely to influence and determine the hydrate inhibition of each solution [21] .
Analysis and Discussion
From the above results, it can be concluded that, with the same added amount of VC-713 to the solution, high-speed stirring of the solution could result in better dissolution and dispersion of VC-713 in the system, and therefore, enhance the hydrate inhibition of VC-713 to some extent. is was evidently displayed by the extension of the induction time of THF hydrate formation. e rate of hydrate formation was also slowed down and the undercooling of hydrate nucleation was increased. e extended induction time and the increase of undercooling indicated that VC-713 with better dissolution and dispersion was more effective in inhibiting the hydrate nucleation. When the water molecules in the system were aligned to form an unclosed cage structure (driven by hydration), VC-713 will adsorb on the surface of the cage structure under the influence of its own lactam ring to prevent the guest molecules from entering the cage, thus inhibiting the nucleation of the hydrates. As shown in Figure 5 , VC-713 in the solution existed in the form of hydrated molecular aggregates, whereas the porous space of the formed skeleton structure was filled with UPW and THF. Under different dissolution and dispersion conditions with the same added amount of VC-713 in the system, the smaller the sizes of the hydrated molecular aggregates were, the more complex the skeleton structure was and the smaller the porous space among the skeleton structures was. During the formation of the cage structure of the water molecules, when the tensile strength of the framework structure was relatively small (high-speed stirring and shearing will reduce the tensile strength of VC-713 hydrated molecular aggregates [22] ), VC-713 was more susceptible to fracturing, peeling off, and migration to the surface of the unoccupied cage structure. Moreover, the migration distance of VC-713 was relatively short owing to the small porous space size of the skeleton structure, which reduced the migration time. erefore, VC-713 could better suppress the nucleation of hydrates.
It is known that VC-713 showed certain adsorption properties to hydrophilic hydrate crystal particles under the influence of its own lactam ring and exhibited a film-forming character [17] . ese would prompt VC-713 to adsorb the surface of the hydrate crystal particles, whereas the hydrate crystal particles will be completely bound by VC-713, thereby inhibiting the growth of hydrates. In order to verify this hypothesis, the changes in concentration of VC-713 in the solution (which did not participate in the hydrate formation process) were monitored during each experiment.
e results showed that, with the increase of the THF hydrate formation amount, the concentrations of VC-713 in the solutions gradually decreased (see Figure 4) . is indicated that the hydrate formation consumed a certain amount of VC-713, which was caused by the adsorption and encapsulation of hydrates by VC-713 (similar to the hydrate growth inhibiting mechanism of PVP [27] ). e study results proved the aforementioned speculations and clearly identified the kinetic mechanism of VC-713 for inhibiting hydrates growth.
It is noteworthy that when the dissolution and dispersion of VC-713 in the system were relatively better, the rate of hydrate formation was relatively lower, indicating the enhanced ability of VC-713 for inhibiting the growth of hydrates. Figure 4 shows that, under better dissolution and dispersion conditions and for the same added amount of VC-713, the rate of consumption of VC-713 was relatively slower during the formation of hydrates.
e relatively higher concentration of VC-713 in the solution facilitated the inhibition of further hydrate growth, which was not involved in the formation of hydrates.
e better dissolution and dispersion conditions of VC-713 led to its much slower consumption rate in the process of hydrate growth, which was probably related to the sizes of the aggregates formed by its hydrated molecules in the solution. As shown in Figure 5 , after the formation of hydrates in the void space of the VC-713 skeleton structure, the hydrated VC-713 molecular aggregates with small sizes, which had relatively small size and were susceptible to fracture and peel off, could move to the vicinity of the aggregates of the crystal particles more easily and rapidly, thus inhibiting further growth of the hydrates by binding to the surface. Furthermore, due to the relatively large specific surface area of the hydrated molecular aggregates, a small amount of VC-713 could bind to the surface of the hydrate crystal particles or crystal particle aggregates (as shown in Figure 6 ), and thus reduce the amount (consumed) and the consumption rate of VC-713.
By observing the magnified images of THF hydrate morphology in Figures 3(f ) and 3(j) , it can be found that the skeleton structure composed of the hydrated molecules was more complex when the dissolution and dispersion of VC-713 were better. Although the fracture and peeling of skeleton structure were relatively easier, the formation of hydrates would consume a certain amount of VC-713, whereas the gas-liquid interface in the reactor would retain a certain amount of the grid-like aggregate system composed of unspoilt hydrates and VC-713 even under dynamic conditions (the underlying mechanism of this experimental phenomenon was likely to be the same as that shown in Figure 6 ). Figures 3(n)-3(p) and 3(r)-3(t) show that, when the added amount of VC-713 increased and the skeleton structure constituted by its hydration molecules was relatively stable, the reactor gas-liquid interface would form a more stable grid-shaped hydrates and VC-713 aggregation system with distinct morphological characteristics. By comparing Figures 3(p) and 3(t) , it can be seen that, the smaller the pore space size in the skeleton structure composed of hydrated VC-713 molecules were, the smaller the size of the hydrate aggregates in the porous space was and the harder it was for the hydrate crystal particles to grow Journal of Chemistryand aggregate to form large aggregates. erefore, the experimental phenomena presented in Figure 3 are more intuitive to verify the analytically obtained underlying mechanisms in this study.
Under the experimental conditions where the dissolution and dispersion conditions of VC-713 in the system were the same, the ability of VC-713 for inhibiting the nucleation and growth of hydrate was improved when the addition amount of VC-713 was increased from 0.5 wt.% to 1.0 wt.%. However, it is worth noticing that the hydrate kinetic inhibitors (such as PVP and polyvinylcaprolactam) do not show a stronger inhibiting ability with any higher addition amount [15, 32, 33] .
erefore, it seems that there is an optimum value of VC-713's addition amount. Below this value, the hydrate inhibition of VC-713 will be weakened, while above this threshold value, the hydrate inhibition of VC-713 may either no longer be enhanced or weakened, or the hydrate formation will be promoted. A comprehensive and in-depth study on the critical value of the addition amount of VC-713 will be conducted in the future study, which will aim to provide a more valuable reference for the industrial application of VC-713.
Conclusions
In this study, VC-713 was dissolved and dispersed in solution to different degrees using stirring speeds and shearing at 600 r min −1 and 12000 r min −1 . Under the dynamic conditions of the atmospheric pressure, variable temperature, and mechanical agitation, based on the parameters of induction time, average formation rate, and undercooling of THF hydrate formation in UPW + THF system, the effects of dissolution and dispersion conditions of VC-713 on its hydrate inhibition were investigated from macroscopic, mesoscopic, and microscopic levels combining with the experimental methods of the monitoring of the change in the concentration of VC-713 during hydrate formation, the mesoscopic structure of the solution, and the real-time recording of the experimental phenomena. Although the mechanism analysis of VC-713 to inhibit the nucleation of hydrates was still based on existing research results, the underlying mechanism of VC-713 for inhibiting the growth of hydrates was clarified through experiments, and the changes in its hydrate inhibition were also analyzed and compared with the added mount of VC-713 from 0.5 wt% to 1.0 wt%. Based upon the results, the following conclusions are drawn:
(1) VC-713 with better dissolution and dispersion conditions in the system can inhibit the nucleation and growth of hydrates more effectively when the addition amount of VC-713 is same. When the addition amount was 0.5 wt.%, the induction time of the hydrate formation was prolonged by 10.30%, while the formation rate was slowed down by forming property, the VC-713 inhibited the nucleation and growth of the hydrates through adsorption and binding. Under different dissolution and dispersion conditions of VC-713 in the system, the spatial morphology of the network skeleton composed of hydrated molecular aggregates and the difficulty of fracture and peeling of the skeleton became different. ese differences determined the inhibition ability of the system for hydrate formation in space and time. (3) e hydrate inhibition of VC-173 is enhanced as its added amount increased from 0.5 wt.% to 1.0 wt.% under the same dissolution and dispersion conditions. However, the addition amount of VC-713 is likely to have a threshold (optimum) value for the inhibition of hydrates. erefore, 1.0 wt.% of VC-713 may not be the optimum added amount.
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